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1. INTRODUCTION {#cam41781-sec-0001}
===============

Laryngeal cancer is a common cancer formed in the larynx tissues around the head and neck. In recent years, with the improved radiological techniques and medical equipment, radiation therapy has become one of the main treatment methods for laryngeal cancer. Radiotherapy can be used to cure some early patients, and it can also be used as an adjunctive therapy to increase and consolidate the therapeutic effects of surgical treatment before and after surgery. However, depending on the patient\'s condition and the degree of tumor differentiation, radiotherapy is not sensitive enough. Therefore finding new, mild preparations that can effectively increase efficacy of radiotherapy is an important aspect to improve treatment outcome laryngeal cancer.

Previous studies have reported factors that can increase radiotherapy sensitivity of laryngeal cancer. For instance, CpG ODN7909 was reported to enhance the radiosensitivity of Hep‐2 cells in vitro.[1](#cam41781-bib-0001){ref-type="ref"} It was also reported that 20 (s)‐protopanaxadiol showed excellent synergistic effects with radiation, which might be associated with down‐regulation of the mTOR signaling pathway in Hep‐2 cells.[2](#cam41781-bib-0002){ref-type="ref"} In addition, it was reported that hsa‐miR‐138‐2‐3p regulated multiple pathways involving various biological processes including radiosensitivity in the stem cells of laryngeal cancer.[3](#cam41781-bib-0003){ref-type="ref"}

Tanshinone is a fat‐soluble phenanthrenequinone compound extracted from the traditional Chinese medicine Danshen (Salvia miltiorrhiza). Tanshinone has more than 10 kinds of monomers, one of which is Tanshinone IIA. Tanshinone IIA has been reported to exhibit versatile protective effects in cardiovascular, metabolic diseases, and a wide variety of cancers.[4](#cam41781-bib-0004){ref-type="ref"}, [5](#cam41781-bib-0005){ref-type="ref"}, [6](#cam41781-bib-0006){ref-type="ref"}, [7](#cam41781-bib-0007){ref-type="ref"} However, the role of Tanshinone IIA in treating laryngeal cancer has not been reported.

In this study, we aimed to examine the effects and mechanism of Tanshinone IIA on the radiosensitivity of laryngeal cancer, both in cells cultured in vitro and in an animal laryngeal cancer xenograft model, in order to provide a novel theoretical basis for Tanshinone IIA as a therapeutic agent against laryngeal cancer.

2. MATERIALS AND METHODS {#cam41781-sec-0002}
========================

2.1. Cell culture conditions {#cam41781-sec-0003}
----------------------------

Two laryngeal carcinoma cell lines, Hep‐2 and AMC‐HN‐8,[8](#cam41781-bib-0008){ref-type="ref"}, [9](#cam41781-bib-0009){ref-type="ref"}, [10](#cam41781-bib-0010){ref-type="ref"}, [11](#cam41781-bib-0011){ref-type="ref"} were used in this study. The cell lines were obtained from American Type Culture Collection (Manassas, VA). As reported, these cell lines were grown in RPMI‐1640 medium (GIBCO, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, GIBCO) at 37°C in a humidified atmosphere of 5% CO~2.~ [2](#cam41781-bib-0002){ref-type="ref"} The cells were treated with Tanshinone IIA (purity \>98%, Sigma, St. Louis, MO) at indicated concentrations for 24 hours, according to previously published method.[7](#cam41781-bib-0007){ref-type="ref"}

2.2. Clonogenic survival assay {#cam41781-sec-0004}
------------------------------

Clonogenic survival assay was performed as reported with some modifications.[7](#cam41781-bib-0007){ref-type="ref"} Briefly, exponentially growing laryngeal cancer cells seeded in 6‐well plate were incubated under indicated treatment conditions for 24 hours. Next, the cells were exposed to radiation at 0, 2, 4, 6, and 8 Gy with an average dose rate of 100 cGy/min. Then, the cells were cultured at 37°C in a 5% CO~2~ environment for 24 hours to allow colony formation. Finally, the colonies were counted and untreated cells were used as the control.

2.3. Annexin‐V/propidium iodide (PI) double‐staining assay {#cam41781-sec-0005}
----------------------------------------------------------

Cell apoptosis was accessed by annexin‐V/PI double‐staining assay. Five microliters of annexin‐V‐fluorescein isothiocyanate (BioLegend, San Diego, CA, USA) and *5 *μL of PI (Sigma, MO, USA) were added to 1 mL of 1 × binding buffer (Sigma, USA) to obtain staining buffer. Then, the cultured laryngeal cancer cells were suspended and incubated in the staining buffer (Sigma, USA) at 1 × 10^6^ cells/mL in the dark for 15 minutes. Then, the cell death was analyzed by flow cytometry, and data analysis was performed using CellQuest Pro software (BD Biosciences, Franklin Lakes, NJ, USA).

2.4. Cell viability assay by Cell Counting Kit‐8 (CCK‐8) {#cam41781-sec-0006}
--------------------------------------------------------

6 × 10^3^ laryngeal cancer cells with indicated treatment in 100 μL media were seeded into each well in 96‐well plates with six replicates in each group. After 24 hours, cells were subjected to 4 Gy irradiation. Another 24 hours later, 10 μL of CCK‐8 reagent was added to each well and incubated for 2 hours at 37°C. Next, the absorbance at 450 nm was measured by a microplate reader.

2.5. In vivo laryngeal cancer xenograft mouse model {#cam41781-sec-0007}
---------------------------------------------------

To develop xenograft laryngeal tumors, 1 × 10^6^ AMC‐HN‐8 laryngeal cancer cells growing in dish were harvested, washed with ice‐cold PBS, and injected into the right flanks of nude mice via subcutaneous vaccination. The mice in different groups (n = 20 for each group) were treated with PBS (by tail vein injection), irradiation alone (20 Gy in three fractions every 4 days), Tanshinone IIA alone (by tail vein injection, 20 μmol/L daily for 12 consecutive days), or irradiation combined with Tanshinone IIA (irradiation was performed at day 4, 8, and 12 after injection of 20 μmol/L Tanshinone IIA which began at day 1 for 12 consecutive days). The survival time of each animal was recorded for a period of 150 days. The growth curves of AMC‐HN‐8‐generated tumors receiving different treatments were drawn based on the tumor volume. Tumor volume (mm^3^) was calculated using the following formula: *V* (mm^3^) = *A* (mm) × *B* (mm)^2^/2, where *A* and *B* were the longest and shortest diameters of tumor, respectively.[7](#cam41781-bib-0007){ref-type="ref"} Mice from irradiation and Tanshinone IIA co‐treatment group were sacrificed after 150 days. Tumors from animals in the other three groups were collected from the nude mice after they died. Then, the tumor was dissected, imaged, and weighed.

2.6. Western blot {#cam41781-sec-0008}
-----------------

Total cells were lysed in 50 mmol/L Tris‐HCl (pH 8.0), 125 mmol/L NaCl, 1 mmol/L DTT, 5 mmol/L MgCl~2~, 1 mmol/L EDTA, 10% glycerol, and 0.1% NP‐40 supplemented with 1 mmol/L PMSF and protease inhibitor mix.[12](#cam41781-bib-0012){ref-type="ref"} The levels of target proteins were detected by immunoblotting using the following primary antibodies: anti‐p‐JNK (Biolegend, 651301, San Diego, CA, USA), JNK (Santa Cruz, sc‐7345, Dallas, TX, USA), p‐ERK (Santa Cruz, sc‐7383, USA), ERK (Santa Cruz, sc‐514302, USA), p‐P38 (Promega, V1211, Madison, WI, USA),[12](#cam41781-bib-0012){ref-type="ref"} P38 (Santa Cruz, SC‐535, USA), and tubulin (Thermo Fisher, MS581P1, Waltham, MA, USA). After incubation with primary antibody and followed by incubation with corresponding secondary antibody, SuperSignal^™^ West Pico Chemiluminescent Substrate (Thermo Scientific, USA) was utilized to visualize the target protein signals.

2.7. Statistical analysis {#cam41781-sec-0009}
-------------------------

Comparison between two groups was performed using *t* test or two‐way ANOVA as indicated in the figure legends by SPSS software (Chicago, IL, USA). *P* value \<0.05 was considered as significant difference.

3. RESULTS {#cam41781-sec-0010}
==========

3.1. Tanshinone IIA decreases the survival of laryngeal cancer cells after irradiation {#cam41781-sec-0011}
--------------------------------------------------------------------------------------

To examine whether Tanshinone IIA could increase the radiation sensitivity, first we observed the pro‐apoptotic effect of Tanshinone IIA by clonogenic survival assay in laryngeal cancer cell lines. The results of clonogenic survival assay showed that irradiation treatment at different doses [7](#cam41781-bib-0007){ref-type="ref"} resulted in apoptosis in both Hep‐2 (Figure [1](#cam41781-fig-0001){ref-type="fig"}A) and AMC‐HN‐8 cells (Figure [1](#cam41781-fig-0001){ref-type="fig"}B). However, under the combined action of Tanshinone IIA and irradiation, the survival and proliferation rates of both cell lines were greatly reduced compared with irradiation only, which indicated that Tanshinone IIA exhibited an irradiation sensitizing effect.

![Tanshinone IIA sensitized the effect of irradiation in laryngeal carcinoma cells. (A) and (B), The radiosensitivity of Hep‐2 (A) and AMC‐HN‐8 (B) cells with or without treatment of 20 μmol/L Tanshinone IIA for 24 h before irradiation were analyzed. The survival fraction of the cells indicated was detected at 24 h after 0, 2, 4, 6, and 8 Gy of radiation by clonogenic survival assay. Three independent experiments were performed. \*\* indicated *P* \< 0.01 and \*\*\* indicated *P* \< 0.001 by two‐way ANOVA](CAM4-7-5187-g001){#cam41781-fig-0001}

3.2. Tanshinone IIA increases apoptosis and decreases viability of laryngeal cancer cells after irradiation {#cam41781-sec-0012}
-----------------------------------------------------------------------------------------------------------

Next, we examined the effect of Tanshinone IIA on apoptosis in Hep‐2 (Figure [2](#cam41781-fig-0002){ref-type="fig"}A) and AMC‐HN‐8 (Figure [2](#cam41781-fig-0002){ref-type="fig"}B) cell lines, respectively. Tanshinone IIA significantly increased the level of apoptosis induced by irradiation in tumor cells, as shown by annexin‐V‐FITC & PI staining followed by flow cytometry detection. In addition, we tested cell viability using the CCK‐8 kit (Figure [2](#cam41781-fig-0002){ref-type="fig"}C,D), and the results showed that the decreased cell viability by irradiation was even more pronounced with Tanshinone IIA treatment. Therefore, Tanshinone IIA promoted radiotherapy sensitivity in both of these cell lines.

![Tanshinone IIA promoted the apoptosis induced by irradiation in laryngeal carcinoma cells. (A) and (B) The apoptosis of Hep‐2 cells (A) and AMC‐HN‐8 cells (B) with different treatment as indicated was determined using the annexin‐V‐FITC & PI Apoptosis Kit and assessed by flow cytometry. Cells were treated with 20 μmol/L Tanshinone for 24 h before irradiation, and the apoptosis was detected 24 h after the 4 Gy irradiation. Data showed the annexin‐V and PI double positive cells. Data were represented as mean ± SD. Three independent experiments were performed. \* indicated *P* \< 0.05, \*\* indicated *P* \< 0.01, \*\*\* indicated *P* \< 0.001. (C) and (D) The viability of Hep‐2 cells (A) and AMC‐HN‐8 cells (B) was determined by cck‐8 kit. The cells pretreated with Tanshinone showed dramatically reduced in cell viability. Data were represented as mean ± SD. Three independent experiments were performed. \*\* indicated *P* \< 0.01, \*\*\* indicated *P* \< 0.001](CAM4-7-5187-g002){#cam41781-fig-0002}

3.3. Tanshinone IIA increases the survival of laryngeal cancer model mice {#cam41781-sec-0013}
-------------------------------------------------------------------------

Subsequently, we established the mouse laryngeal cancer model by injecting 10^6^ AMC‐HN‐8 cells into nude mice via subcutaneous vaccination to generate tumors. Then, we observed the survival rates of the mice after various treatments including PBS only, irradiation alone, Tanshinone IIA alone or irradiation combined with Tanshinone IIA (Figure [3](#cam41781-fig-0003){ref-type="fig"}). The survival curves showed that the survival of mice treated simultaneously with Tanshinone IIA and irradiation was significantly prolonged (Figure [3](#cam41781-fig-0003){ref-type="fig"}).

![Tanshinone improves the survival rate in mice models. 10^6^ AMC‐HN‐8 cells were injected into right flanks of nude mice via subcutaneous vaccination to generate tumors. The mice in different groups were treated with PBS (by tail vein injection), irradiation alone (20 Gy in three fractions every 4 d), Tanshinone IIA alone (by tail vein injection, 20 μmol/L daily for 12 consecutive days), or irradiation combined with Tanshinone IIA (irradiation was performed at day 4, 8, and 12 after injection of 20 μmol/L Tanshinone IIA which began at day 1 for 12 consecutive days). Kaplan‐Meier analysis showed that overall survival of irradiation plus Tanshinone IIA mice was significantly better than other groups. n = 20/group. A two‐tailed unpaired Student\'s *t* test was used for the statistical analysis](CAM4-7-5187-g003){#cam41781-fig-0003}

3.4. Tanshinone IIA decreases tumor growth and weight in a laryngeal cancer mouse model {#cam41781-sec-0014}
---------------------------------------------------------------------------------------

In the in vivo xenograft mouse model of laryngeal cancer, mice from irradiation and Tanshinone IIA co‐treatment group were sacrificed after 150 days. The tumors from animals in the other three groups treated with PBS control, irradiation alone, or Tanshinone IIA alone, respectively, were collected after the death of mice. Pictures of the tumors are shown in Figure [4](#cam41781-fig-0004){ref-type="fig"}A. It showed that irradiation and Tanshinone IIA co‐treatment obviously decreased the tumor size. In addition, the growth curves of AMC‐HN‐8 generated tumors with different treatments were plotted based on the tumor volumes (Figure [4](#cam41781-fig-0004){ref-type="fig"}B). It demonstrated that Tanshinone IIA and irradiation co‐treatment decreased the growth of tumors compared with single treatment of Tanshinone IIA or irradiation alone. Moreover, the weight of AMC‐HN‐8 generated tumors with different treatments was measured 10 days after the end of treatment (Figure [4](#cam41781-fig-0004){ref-type="fig"}C). The results showed that Tanshinone IIA and irradiation co‐treatment decreased the tumor weight compared with single treatment of Tanshinone IIA or irradiation alone, consistent with the growth curve. These results explained the prolonged survival period of mice with Tanshinone IIA and irradiation co‐treatment in the in vivo laryngeal cancer model.

![Tanshinone reduced tumor size and weight in mice models. A, Mice from irradiation and Tanshinone IIA co‐treatment group were sacrificed after 150 d. The tumors from animals in the other three groups were collected from the nude mice after they died. B, The growth curves of AMC‐HN‐8 generated tumors receiving different treatments including PBS (by tail vein injection), irradiation alone (20 Gy in three fractions every 4 d), Tanshinone IIA alone (by tail vein injection, 20 μmol/L daily for 12 consecutive days), or irradiation combined with Tanshinone IIA (irradiation was performed at day 4, 8, and 12 after injection of 20 μmol/L Tanshinone IIA which began at day 1 for 12 consecutive days). Tumor volume was calculated according to their diameters. \*\*\* indicated *P* \< 0.001 by two‐way ANOVA. C, The weight of AMC‐HN‐8 generated tumors receiving different treatments as indicated. The weight of tumors was measured 10 days after the end of treatment. \*\*\* indicated *P* \< 0.001 by two‐tailed unpaired Student\'s *t* test compared to the PBS group](CAM4-7-5187-g004){#cam41781-fig-0004}

3.5. JNK inhibitor eliminates the irradiation sensitization induced by Tanshinone IIA {#cam41781-sec-0015}
-------------------------------------------------------------------------------------

Previous studies have shown that the inhibitory effect of some drugs on laryngeal cancer is closely related to the mitogen‐activated protein kinases (MAPK) pathway.[6](#cam41781-bib-0006){ref-type="ref"}, [13](#cam41781-bib-0013){ref-type="ref"} Therefore, we examined the three signaling molecules involved in the MAPK pathway, including c‐Jun N‐terminal kinase (JNK), extracellular regulated kinases 1/2 (ERK1/2), and p38. The results showed that, although all three signaling molecules were activated under irradiation, only JNK became more active after the addition of Tanshinone IIA (Figure [5](#cam41781-fig-0005){ref-type="fig"}A), suggesting that Tanshinone IIA enhanced the irradiation sensitivity via the JNK pathway. SP600125 (1,9‐pyrazoloanthrone anthrapyrazolone) was reported to be a specific inhibitor of JNK.[1](#cam41781-bib-0001){ref-type="ref"}, [14](#cam41781-bib-0014){ref-type="ref"}, [15](#cam41781-bib-0015){ref-type="ref"}, [16](#cam41781-bib-0016){ref-type="ref"} Therefore, we next examined the survival and proliferation of laryngeal cancer cell AMC‐HN‐8 treated with irradiation, Tanshinone IIA, and SP600125 by clonogenic assay kit. SP600125 treatment antagonized radiation sensitization induced by Tanshinone IIA (Figure [5](#cam41781-fig-0005){ref-type="fig"}B), confirming that Tanshinone IIA radiation sensitization was mediated by the JNK signaling pathway.

![Tanshinone promoted apoptosis of laryngeal carcinoma cells via JNK signaling pathways. A, Western blotting of AMC‐HN‐8 cells with different treatments was performed by anti‐phospho‐JNK, anti‐JNK, anti‐phospho‐ERK, anti‐ERK, anti‐phospho‐p38, or anti‐p38 antibodies. Tubulin was performed as the loading control. B, The radiosensitivity of AMC‐HN‐8 cells with or without treatment of 20 μmol/L Tanshinone for 24 h before irradiation. The radiosensitivity of the cells indicated was detected 24 h after 0, 2, 4, 6, and 8 Gy of radiation by clonogenic survival assay. The last group was pretreated with both Tanshinone IIA and SP600125 (JNK inhibitor) together. Three independent experiments were performed. \*\* indicated *P* \< 0.01 by two‐way ANOVA](CAM4-7-5187-g005){#cam41781-fig-0005}

4. DISCUSSION {#cam41781-sec-0016}
=============

Laryngeal cancer is a malignant tumor derived from the laryngeal mucosa epithelium, and accounts for about 1%‐5% of systemic tumors. There are four stages of laryngeal cancer: I, II, III, IV, and the clinical symptoms of laryngeal cancer include hoarseness, sore throat, easy to choke when drinking water, cough, weight loss, dysphagia, and dyspnea. Laryngeal cancer can be divided into primary and secondary laryngeal cancer. Primary laryngeal cancer refers to the primary site in the throat of the tumor, among which squamous cell carcinoma is most common type. Secondary laryngeal cancer refers to the transferred malignant tumors from other sites to the throat, which is relatively rare. Most laryngeal cancer occurs at 50‐70 years of age, and more frequent in men than women. The factors triggering laryngeal cancer include smoking, alcoholism, long‐term inhalation of harmful substances, and papillomavirus infection. Radiotherapy is a very important therapy commonly used for treating laryngeal cancer. However, sometimes the treatment outcome of radiosensitivity is not ideal based on patient\'s condition and the degree of tumor differentiation.

In this study, Tanshinone IIA treatment improved the irradiation sensitivity in two laryngeal cancer cell lines, Hep‐2, and AMC‐HN‐8, by reducing cell survival and proliferation, increasing the cell apoptosis and decreasing cell viability. Tanshinone IIA has been reported to exhibit antitumor effects by inhibiting proliferation and increasing apoptosis. For example, Tanshinone IIA exerted antitumor effects by decreasing VEGF/VEGFR2 expression in the human non‐small cell lung cancer A549 cell line and inhibiting its proliferation.[17](#cam41781-bib-0017){ref-type="ref"} Tanshinone IIA exhibited significant anti‐viral activity by suppressing HPV oncogenes, which led to inhibition of cervical cancer.[18](#cam41781-bib-0018){ref-type="ref"} Tanshinone IIA‐induced apoptosis in KB cells was mediated through the mitochondria‐dependent caspase pathway. These observations suggest that Tanshinone IIA could be a potential anti‐cancer agent.

In this study, we also found that Tanshinone IIA treatment suppressed the growth of tumor as evidenced by decreased tumor size and weight. Importantly, the survival period of mice in the in vivo laryngeal cancer model was prolonged by Tanshinone IIA treatment.

The MAPK pathway regulates a wide range of biological processes, including apoptosis, differentiation, and immune responses. The dysregulation of MAPK is implicated in various human diseases, such as cancer and immune diseases.[19](#cam41781-bib-0019){ref-type="ref"} There are reports that some drugs inhibiting laryngeal cancer are acting through the MAPK pathway.[6](#cam41781-bib-0006){ref-type="ref"}, [13](#cam41781-bib-0013){ref-type="ref"} In our study, we examined the expression of three subfamilies of related proteins, ERK, JNK, and p38, in response to irradiation and Tanshinone IIA treatment. All three signaling proteins were activated by irradiation, with JNK being elevated to a higher extent with the addition of Tanshinone IIA. Moreover, treatment by JNK inhibitor, SP600125, abolished the radiation sensitization induced by Tanshinone IIA in AMC‐HN‐8 cells, as demonstrated by survival and proliferation rates of the cells. Therefore, Tanshinone IIA likely enhances the irradiation sensitivity through the JNK pathway, supporting the potential of Tanshinone IIA as an anti‐cancer agent against laryngeal cancer.

In conclusion, the novelty of this study lies in the discovery of Tanshinone IIA in enhancing the irradiation sensitivity of laryngeal cancer cells and xenograft mouse model, which provides new theoretical basis for treatment of laryngeal cancer using concurrent irradiation and chemoradiation.
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